Static and dynamic studies of helical Bacillus subtilis macrofibers reveal that a spectrum of twisted states exists ranging from tight left-handed structures with twist equal to ='40 left turns per mm to tight right-handed structures with twist equal to 57 right turns per mm. In the lyticdeficient strain FJ7, twist varies as a function of growth temperature above or below 39°C, where there is zero twist. The relationship between the temperature (below 390C) at which right-hand structures are produced to the time it takes for them to begin the inversion process in which they become lefthanded following transfer to 480C reveals that structures with less twist are more rapidly converted to left-handedness than are those with higher values of twist. The initial response of live macrofibers to digestion by lysozyme consists of "relaxation" motions in which the twist of both left-and right-handed structures changes towards the right-hand end of the spectrum. The rate of relaxation is =-5-fold higher at the left-hand end than at the right-hand end. These findings suggest that cell wall polymers can assume a range of structural states during helical growth and that these determine the quantitative aspects of macrofiber shape as well as the sensitivity of walls to attack by lysozyme.
macrofiber states exists in which the twist ranges from rightthrough neutral to left-handed. For any given strain, the position in the spectrum depends on the growth medium, the concentration of divalent cations, and temperature, but for any set of conditions the structures grow with constant twist. All cells within a given structure must therefore assemble their walls following the same rules of geometry.
In some strains macrofibers can be made to invert their helix hand (4) . We report here the kinetics of temperatureinduced inversion in one of themn. The twist of macrofibers can also be changed as the result of attack by enzymes. The cell wall of B. subtilis consists primarily of two polymers: peptidoglycan and teichoic acid (5) . In this paper we show that cleavage by lysozyme of the peptidoglycan backbone in live macrofibers results in specific relaxation motions due to such twist changes.
The results described are consistent with the idea that the spectrum of twisted states of macrofibers reflects a spectrum of structural states of the cell wall polymers. Differences in these structural states are probably responsible for the relationship between lysozyme sensitivity and twist and for the kinetics of helix hand inversion. The macrofiber system appears suitable therefore for study of both biomechanical and molecular aspects of growth.
MATERIALS AND METHODS
All of the helical macrofiber-producing strains of B. subtilis used in these studies were derived from the basic 168 strain. Strains 63SB, C6D, FJ6, and FJ7 have been described (4) . Strain PC9 was isolated following nitrosoguanidine mutagenesis of strain FJ7. It is a cold-sensitive mutant that produces very tight short macrofibers of 20'C in TB medium. Strains PS-5 and PS-6 are derivatives of FJ7 that can only form lefthanded macrofibers in standard TB medium at all growth temperatures. Both carry meC3. Strain PS-6 also carries a newly created gltA allele. Strain 8-10A is a derivative of FJ7 that can only form tight right-handed macrofibers in TB medium. It carries the original FJ7 metC3 marker.
Media composition and general methods used to culture macrofibers were detailed in previous publications (1, 2, 4) .
Measurements of helix pitch angle as a function of fiber diameter were obtained from projections of 35-mm phasecontrast micrograph images of static structures. The relationship between twist and temperature was derived from measurements of time-lapse microcinematography films of either intact fibers or fiber fragments using instrumentation described in ref. 3 4 illustrate that there is a direct relationship between the temperature at which a right-handed structure is grown and the time it takes for it to begin the inversion process after being transferred to 48°C. The beginning of inversion is taken to be the point at which the macrofiber ceases to turn right-handedly and starts to turn left-handedly. At this point it still has right-hand twist, but it begins to unwind, while extending in the normal way.
Live helical macrofibers undergo specific "relaxation" motions following the addition of lysozyme or crude autolysin at the pH optimum of the glucosaminidase. In these motions both left-and right-handed structures always turn in the same direction, towards the right-hand end of the twist spectrum. In the case of left-handed structures the turning serves to unwind the macrofiber superstructure, whereas right-handed macrofibers become more tightly twisted. Usually left-handed structures dissolve before they reach a totally untwisted state but occasionally one remains intact suffi- ciently long to go beyond this into the right-handed end of the spectrum. Right-hand folds of the superstructure of lefthanded fibers are common, creating a situation in which it is difficult to determine whether a macrofiber is still basically left-handed or not. In addition to observing the direction of turning, rates of turning have been measured together with the time it takes for the total breakdown of the structure. The results for lysozyme-induced relaxations are shown in Table 2 , which illustrates that both lysozyme-induced turning motions and the breakdown of macrofiber structure become more rapid as the twist spectrum of FJ7 is scanned from right-hand to lefthand. The ratio of maximal turning rates observed in fibers produced at 480C (left-handed) and 20'C (right-handed) is -5. The corresponding ratio of the time it takes for lysozyme to break down left-or right-handed structures is -10. If one uses the time it takes to convert 50% of the cells in a macrofiber to protoplasts as an index of differential lysozyme sensitivity, the same left-handed fibers appear 3.6 times more sensitive than right-handed fibers. The lysozyme sensitivity of the fixed hand mutants, 8-10A, PS-5, and PS-6, has also been measured, using the same index. Those Fig. 3 indicate a complete spectrum of twist as a function of growth temperature, with zero twist at about 39°C. There is too little evidence for accurate curve fitting, but it is clear that the spectrum is likely to be "smooth" and approximately linear. The curve shown is a reasonable fit.
The kinetics of helix hand inversion from right-handed structures to left-handed brought about by the transfer of fibers from low to high temperature are compatible with the idea that right-handed structures may assume a variety of twists. Those produced at temperatures closer to the transition temperature between right-and left-handed, which are of low twist, are much more rapidly converted to left-handedness when transferred to 48°C than are those produced at lower temperatures, which are of higher (right-hand) twist.
The very short time required for the inversion process to commence when right-handed structures of low twist are transferred to high temperature precludes any requirement for newly inserted wall polymers synthesized at high temperature to displace in a general way pre-existent polymers and reach the cell surface. Instead, it appears that the insertion of just a small amount of new left-handed material is sufficient to change the average twist property of the wall material to left-handed. For right-handed structures of higher twist, more left-handed wall material is apparently necessary; this takes a longer period to synthesize. Thus, it is not necessary to argue that right-handed wall becomes structurally reorganized when underlayed by material of high lefthand twist; simply that wall material of both hands co-exists during the inversion process, in changing proportion, according to the dynamics of new (left-hand) wall material insertion. The effective twist (N) of the wall is then some average, depending on this proportion, of the twist at the growth temperature and the twist at 480C. Since these are respectively right-and left-handed (Fig. 3) , there is a point during the inversion process when N becomes zero and fibers cease to turn. This is the point recorded in Fig. 4 . Assuming that the effective twist of the cell wall is simply the average of the left-handed twist N (48) Fig. 3 , the solid curve in Fig. 4 is obtained when X is taken to be 42 min. This is approximately the time taken for labeled wall material to appear at the surface under steady-state growth conditions at 48TC. In view of the assumptions made, the agreement with the experimental data is remarkable. It strongly supports the hypothesis put forward in the preceding paragraph.
When the effective cell-wall twist becomes zero, the macrofibers are still right-handed-that is, their total twist as observed "statically" is no longer equal to the material twist N. This is because the fiber twist is equal to the total angle of torsion, defined above, divided by the fiber length. During growth following the temperature shift up, this angle of torsion is equal to f2irNdL, which is still positive (i.e., righthand) when N = 0, only becoming zero after a period of lefthand turning (N < 0). When this point is reached the total twist in the fiber is zero. The fiber becomes left-handed by continuing left-hand turning, eventually approaching the twist at which fibers grow in the steady state at 48TC.
The lysozyme-induced relaxation motions reveal several features of the macrofiber system: (i) peptidoglycan must be involved in maintaining the twisted configuration of macrofibers, (ii) the helical shape must be a ramification of strain in the cell wall, (iii) the effective twist of the cell wall material becomes more right-handed as the material properties are changed by cleavage of the peptidoglycan backbone, and, (iv) left-handed macrofibers are more sensitive to lysozyme than are right-handed ones, there being a corresponding spectrum of sensitivity to that of twist.
A model in which peptidoglycan polymers are helically oriented in the cell wall is compatible with these findings as well as those discussed earlier. From the mechanical point of view the peptidoglycan can be visualized as consisting of two entities, the glycan backbone and the peptide tail. When assembled in the wall either of these may lie in a helical orientation. The fact that the fibers always turn right-handedly when attacked by lysozyme suggests strongly that the glycan backbone, rather than the peptides, lies at the helix angles determined from twist measurements. Thus, the peptides that apparently project radially from the glycans forming links to neighboring glycans can be visualized as forming a helical restraint in opposition to that formed by the glycans. Glycans oriented as a right-handed helix in a right-handed cell might be opposed by peptide bridges oriented as a lefthanded network and vice versa in left-handed structures.
If macrofiber conformations reflect the orientation of peptidoglycan in the cell wall, macrofibers of different twist (including hand) must reflect different molecular orientations of peptidoglycan. The differences in lysozyme sensitivity of macrofibers produced at different temperatures shown in Table 2 support this idea. The more left-handed the structure is, the more rapidly does it turn in response to lysozyme digestion and the more rapidly is it dissolved by the enzyme. Whether these differences are purely a reflection of the geometrical state of the peptidoglycan or a ramification of some other chemical modification of either the peptidoglycan or other wall components remains to be determined. It seems likely, however, that the molecular structure of the wall polymers is the primary factor in determining macrofiber conformation and lysozyme sensitivity. 
